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Secondary Electron Emission of Pt: Experimental
Study and Comparison with Models in the
Multipactor Energy Range
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Abstract—Experimental data of secondary emission yield
(SEY) and electron emission spectra of Pt under electron irradia-
tion for normal incidence and primary energies lower than 1 keV
are presented. Several relevant magnitudes, as total SEY, elastic
backscattering probability, secondary emission spectrum (SES)
and backscattering coefficient, are given for different primary
energies. These magnitudes are compared with theoretical or
semiempirical formulas commonly used in the related literature.
Index Terms—multipactor, Secondary Emission Yield,
backscattered electrons, secondary emission spectrum.
I. INTRODUCTION
THE theoretical and experimental research on secondaryemission is important not only from a fundamental point
of view, but also for many practical applications. Among
others, we can mention multipactor effects in space-borne RF
devices [1], [2], multipactor in RF-vacuum windows [3], [4],
multiplication processes in photomultipliers and multichannel
plates [5], electron microscopy techniques [6], [7], charging
effects on spacecraft surfaces [8], [9] and dust grain charging
in space plasmas [10]. A detailed description of electron
emission under electron bombardment should cover the energy
and angular dependence of the different contributions to the
electron emission yield (secondaries, elastically and inelasti-
cally backscattered electrons) and their spectral and angular
distributions. Many theoretical and experimental works have
addressed those issues in the last 60 years [6], [11]–[15].
However, there is still a lack of a global and unified description
of the different aspects of the secondary emission problem.
In this context, the aim of this work is to check the validity
of several approaches to the secondary emision yield (SEY)
and secondary emission spectrum (SES) dependence with the
electron primary energy. Our main interest is to find reliable
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expressions that can be used in multipactor simulation prob-
lems. We have limited our study to electron normal incidence
and to energies lower than 1 keV, which is the typical energy
range in multipactor discharges. We have chosen Pt as test
material to best compare the results with other publications
because of its low reactivity, since surface contamination can
alter strongly the secondary emission properties.
The paper is organized as follows: the relevant magnitudes
used along the paper are defined in Section II. in Section
III we expose the experimental setup and the details of the
measurement process. Section IV is devoted to the SEY results
and the comparison with several models. In Section V, the
SES characteristics, the elastic contribution to the yield and
the backscattering coefficient are exposed and compared with
several parameterizations. The main conclusions obtained in
this work are summarized in Section VI.
II. DEFINITION OF THE RELEVANT MAGNITUDES
Before describing the SEY measurement process, we define
the relevant magnitudes used along the paper. The total SEY,
including all electrons emitted by the sample, is defined as the
ratio of the emission current to the primary electron current





The total SEY includes two contributions: true secondary
electrons (δ) and backscattered electrons (η):
σ = δ + η. (2)
As there is no unambiguous distinction between the low-
energy backscattering emission and the true secondary emis-
sion, an energy of 50 eV is commonly admitted by convention
as the frontier between the secondary spectrum and the lower
side of the backscattering spectrum for primary energies Ep
higher than ≈ 100 eV. Therefore, the contribution of the
backscattered electrons to the yield is
η =
I(emitted e−, E > 50 eV )
I(primary e−)
. (3)
The backscattering yield is commonly known as backscatter-
ing coefficient. An additional distinction, convenient for the
purposes of this paper, can be made between the elastic and
inelastic contribution to the backscattering yield:
η = ηe + ηi. (4)
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Fig. 1. Experimental setup.
Electrons with energies corresponding to the elastic peak
are accounted for in ηe, whereas electrons with energies
between 50 eV and the elastic peak, referred to as inelastically
backscattered or rediffused electrons, are accounted for in ηi.
It is also convenient to introduce the elastic fraction, fe,
which is the ratio of elastic events in the elastic peak to the
total number of events in the emission spectrum. An analogous
definition is valid for the inelastic and the true secondary
fractions, fi and fs respectively. Obviously, fe + fi + fs = 1.






III. EXPERIMENTAL SETUP AND MEASUREMENT PROCESS
The measurements were done in the laboratories of Euro-
pean Space Agency - Val Space Consortium (Valencia, Spain),
and Institute of Material Sciences - CSIC (Madrid, Spain).
The scheme of the measurement setup is shown in Fig. 1. The
solid angle covered by the analyzer is ∆Ω ≈ 0.16 sr. The
sample is a 10 × 10 mm2 square sheet of polycrystalline Pt
with a purity of 99.999 %. It was cleaned with an Ar+ ion
beam of 3 keV and a current of 0.7 µA for 25 minutes at
1.3 · 10−7 mbar vacuum level. To assure the stabilization of
the primary current, the e-gun was turned on for 16 hours
before any measurement was made, keeping the sample away
from the beam.
The measurements were done at normal incidence and at
a vacuum level of 10−9 mbar. Three types of measurements
were carried out: total SEY, backscattered yield and SES.
In all measurements, the primary energies were referred to
the sample position by adding (positive bias) or subtracting
(negative bias) to the beam energy the electrostatic energy
|eVbias| due to the sample bias.
For the total SEY measurement, the sample was biased at
a negative potential of -28.3 V to ensure that all electrons
emitted by the sample or by other surfaces (after collisions
of backscattered electrons) do not return to the sample. A
battery box was used to ensure a very stable bias. The high
conductivity of Pt prevents charge accumulation in the sample,
and therefore the sample potential was kept constant during
the experiment. The total SEY was calculated using eq. (1),
where the current of emitted electrons was obtained as the
difference between the primary beam current and the bias
current to ground. The energy of primary electrons was varied
from 2 eV to about 970 eV in 5 eV steps. The primary beam
current for these energies was measured with a Faraday cup
before the sample was placed in the electron beam line.
A similar procedure, using eq. (3), was used to measure
the yield due to electrons backscattered out of the sample
by elastic or inelastic collisions. In this case, the sample was
polarized with a positive bias voltage of +50 V. In this way,
true secondary electrons are recaptured by the sample, and
therefore they do not contribute to the emission current. Under
these conditions, the difference between the primary current
and the bias current provides the emission current due only to
backscattered electrons.
For the measurements of the SES, the electron spectrometer
was set to 45o relative to the sample normal (Fig. 1). In our
equipment, the angle between the e-gun and the spectrometer
is fixed to 45o, so that the beam incidence angle determines
the spectrometer line-of-sight. Several negative bias voltages
were tried, keeping the beam energy constant, and the recorded
spectra were compared. It was observed that for high sample
bias the low-energy (i.e., true secondary) contribution to the
spectra were significantly reduced. This is explained by the
focusing effect of the bias field, as pointed out by Endo
and Ino [16] and by Nickles et al. [9]. The bias field is
nearly normal to the sample in the region surrounding it,
and thus the emitted electrons deviate from their original
emission angle towards the normal. This effect is especially
important for very low energies. The relation between emitted
and detected distributions is not easy to stablish, as it would
require a precise knowledge of the field geometry in the
region between the sample and the spectrometer. However, an
approximate relation can be obtained supposing that the ratio
of the electrostatic energy eVbias which goes to increase the
electron kinetic energy in the normal direction is independent
of the emission energy and angle. This simplification leads
















In eq. (6), Emin is the minimum electron energy that can be
detected at the spectrometer position, corresponding to elec-
trons emitted parallel to the sample surface. The constant C
is determined by the spectrometer angle and acceptance solid
angle. To derive eq. (6), we have assumed a cos θ emission law
[15], as commonly accepted for the true secondary component.
For a radial field, Emin can be shown to be zero, and no
focusing effect occurs. In general, Emin is proportional to
the bias voltage, and therefore low bias is required to avoid
distortion of the spectra.
Using eq. (6) as a qualitative tool to study the measured
spectra for different sample bias, we have estimated that, for
our measurement setup, very low distortion can be achieved
keeping |Vbias| lower than 20 V. Finally, a negative polar-
ization of 19.3 V was used in the spectra measurements.
The emission spectra were recorded for ten primary energies
logarithmically spaced between 40 and 820 eV relative to the
sample vacuum level.
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Fig. 2. Total yield measured for Pt as a function of primary electron energy.
TABLE I
EXPERIMENTAL TOTAL SEY (σ) PARAMETERS FOR THE PT SAMPLE
Em (eV) σm E1 (eV)
As received 500 1.78 84
Ar+ cleaned 530 1.56 137
IV. SECONDARY EMISSION YIELD: EXPERIMENTAL
RESULTS AND COMPARISON WITH PARAMETERIZATIONS
The total yield was measured for a Pt foil as a function
of primary electron energy as described in Section III. The
results are plotted in Fig. 2 for the sample as received and after
cleaning by Ar+ bombardment. Some relevant parameters of
the SEY curve are the maximum yield σm, the primary energy
of maximum yield, Em, and the first energy for which the yield
is equal to one, E1. The second energy for which σ = 1 is
beyond the highest energy in our measurements (970 eV). The
experimental values of these parameters, before and after Ar+
cleaning, are shown in Table I.
The true secondary yield curve, δ(Ep), has been obtained
from the total SEY data by substracting the backscattered con-
tribution, measured as described in Section II. The maximum
secondary yield, δm, and the corresponding energy, Em, are
given in Table II along with the results extracted from the
SEY curve of Walker et al. [17] and the Pt data of Lin and
Joy database [14]. The value of Em extracted from the curve
of Walker is approximate, as the maximum of the SEY curve
is rather flat. Although we have used the symbol Em in tables
I and II for the energies corresponding to the maximum of
σ(Ep) and δ(Ep), respectively, on what follows Em refers
always to δ(Ep). The lower δm value obtained for the cleaned
sample, as compared with the values of Walker et al. and
Lin and Joy, along with the significant reduction in σm after
cleaning, suggests a surface roughness increase due to the
Ar+ bombardment, in consistency with reported experimental
works (see for instance [18]).
Next, we pass to compare the energy dependence of the
measured secondary yield with several parameterizations com-
monly found in the related literature.
Probably the most frequently used expression for the SEY







TRUE SECONDARY YIELD (δ): COMPARISON BETWEEN EXPERIMENTAL
PARAMETERS
Em (eV) δm
This work 470 1.27
Walker [17] 740 1.36
Lin and Joy [14] 550 1.69
where x ≡ Ep/Em is the primary energy normalized to
the energy of maximum SEY, and where A and b are con-
stants determined by the parameter n through the conditions
δ(Em) = δm and (dδ/dE)Em = 0. This expression is based
on three assumptions: a) the energy lost per unit length by
the incoming electron is constant along the trajectory; b)
the path length-primary energy relation follows a power-law;
c) the escape probability for secondary electrons decreases
exponentially with the generation depth.
As far as we know, the previous expression was first used
by Lye and Dekker [11] with n = 1.35, the same value used
later by Seiler [6]. Lin and Joy [14] chose n = 1.67 and the
constants b = 1.614 and A = 1.28, the last one probably by
mistake, as the resultant normalized yield is slightly higher
than one. More sophisticated versions of the theory have been
developed by Clerc et al. [19] and by Bundaleski et al. [20].
Another commonly used formula for the SEY was proposed





(x · e1−x)k, x ≤ 3.6
1.125
x0.85 , x ≥ 3.6.
(8)









0.56 x ≤ 1
0.25, x > 1.
It can be seen that the asymptotic behavior of Vaughan pa-
rameterization and semiempirical universal law are the same.
In the low-energy region, the Vaughan parameterization is not
defined below E0.






n− 1 + xn
(9)
with x = Ep/Em and n = 1.35. For very high or very
low energies, this functional dependence is the same as the
universal law, except for a factor.
The fourth and last parameterization that we will consider






with x defined as before. This parameterization has one free
parameter, ν, which the authors set to 1.6 by fitting the SEY
curve for five materials.
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Fig. 3. Normalized corrected SEY, due only to true secondaries. The corrected
experimental data are represented by dots, and the lines represent several
parameterizations (see text).
It is worthy to note that the model leading to the semiempir-
ical universal law considers the relation between the energy
lost along the primary electron path in the medium and the
secondary electron generation, without taking into account
the electron flux reduction by backscattering. Vaughan [21]
mentions the backscattered electrons as ”a source of error
that has not yet been considered”. Scholtz et al. [13] correct
their SEY data to compare them with the parameterizations,
considering the ratio between true secondary current and
primary current entering the medium, obtained subtracting
the current of elastically reflected electrons from the primary
current.
We will consider as the experimental magnitude directly
comparable to the models the ”corrected” secondary yield, δc,
defined as the ratio of secondary electrons leaving the medium





In eq. (11), the elastic yield ηe has been calculated from the
measured spectra by a procedure explained in Section V. The
influence of the factor (1− ηe) in eq. (11) decreases quickly
as primary energy increases.
The data corrected that way along with the different param-
eterizations presented above are represented in Fig. 3. Both
axes have been normalized to the curve maximum. The lower
energy data (Ep < 80 eV) have not been included in the graph
due to the difficulty to separate the true secondary and inelastic
components in the spectra. The semiempirical universal law is
represented for two values of n: 1.67 (Lin and Joy) and 1.35
(Seyler).
It can be seen that the formulas of Vaughan, Furman
and Pivi, and Scholtz et al. give similar results, providing
reasonable approximations to the Pt data in the represented
energy range. Their estimations are, however, slightly higher
than the data in the range 0.3-0.6 of normalized energies. The
universal law provides worse results for n = 1.67 than for
n = 1.35. In fact, the universal law with n = 1.35 is the
parameterization that better fits the represented experimental
data. However, it underestimates the SEY in the lower energy
Fig. 4. Experimental Pt secondary spectra for 56 and 215 eV primary energies.
range (Ep/Em < 0.3). This behavior for Pt (Z=78) is very
similar for gold (Z=79), as shown in Fig. 3 of Scholtz et al.
Although the universal lay with n = 1.35 provides a
good description of the data in the represented energy range,
several authors [20], [24] have pointed out that the high-energy
(Ep/Em > 3) SEY data are overestimated by this parame-
terization. Then, it can be concluded that the semiempirical
universal law with n = 1.35 provides a good description of
the SEY in the range 0.3 < Ep/Em < 3.
V. EXPERIMENTAL STUDY OF THE EMISSION SPECTRUM
In this section we present the results of the secondary (E <
50 eV) and elastic (events in the elastic peak) components
of the emission spectrum, and the total backscattering yield
(elastic and inelastic).
A. Secondary component
The secondary component of the emission spectrum is
concentrated in the low-energy region, peaking at some eV.
This makes the secondary spectrum especially sensitive to
systematic errors associated to small offsets in the sample bias
or in the analyzer. We have observed small deviations in the
peaks and the rising edges when comparing spectra obtained
for different primary energies. Two of these spectra, corre-
sponding to primary energies of 56 and 215 eV and normalized
to unit height, are shown in Fig. 4. A poorly defined shoulder
can be observed at about 10 eV. The energy interval from the
peak maximum to this shoulder takes approximately the same
value (≈ 3.6 eV) for all spectra, irrespective of the primary
energy. This suggests superposing the peaks to correct small
experimental shifts. We have superposed all the spectra after
normalizing their heights, forcing their peaks to coincide. A
”mean” spectrum has been obtained that way whose peak is
placed at an energy Emax ≈ 4.6 eV relative to the sample
vacuum level. The small deviations of Emax in the different
spectra around this value show no correlation with the primary
energy, and are thought to be due to experimental errors. Joy
et al [25] give a value Emax = 5 eV for Pt. These authors give
also the energy under which half of the secondary spectrum
(up to 50 eV) area lies: 11 eV for Pt. In our spectra, this value
ranges between 9 and 9.5 eV.
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Although the main characteristics of the secondary spectrum 
below 10 eV do not depend significantly on Ep, the falling 
edge decreases more slowly for lower Ep values, as it can 
be seen in Fig. 4 by comparing the spectra for 56 and 215 
eV. This seems to be due to the spreading of inelastically 
backscattered electrons over a narrower energy interval for 
lower Ep, resulting in a stronger contribution to the low energy 
spectrum, dominated by true secondaries.
A wide, low intensity peak can be seen in Fig. 4 near the 
elastic peak for the 56 eV spectrum. This wide peak is present 
in all spectra at energies about 5.5-5.7 eV under the elastic 
peak, and is thought to be due to plasmonic excitations.
Several theoretical or semiempirical parameterizations of 
the secondary spectrum shape have been published in the last 
four decades. We have compared our experimental spectra with 
three frequently used parameterizations, published by Chung 
and Everhart [26], Scholtz et al. [13], and Furman and Pivi 
[23].








where Ns is the number of secondary electrons of energy E,
k is a normalization constant and ϕ is the work function of the
medium (although comparison with experimental data yields
values of ϕ significantly greater than typical work functions,
see [25]). Using the normalized energy u ≡ E/Emax and nor-
malizing the spectrum to unit height, the previous expression
reads






where F (u) ≡ (dNs/du)/(dNs/du)max. As it can be seen,
after normalizing both axes, the Chung-Everhart spectrum
does not contain any free parameter.
Scholtz et al. [13] found a reasonable fit between the sec-
ondary spectra of five materials and the following expression:
F (u) = e−
ln2u
2τ2 (13)
where we have used again normalized magnitudes in both
axes. The parameter τ takes typical values between 0.7 and
1.1, as given by the authors.
Furman and Pivi [23] proposed the parameterization
F (u) = up · ep(1−u) (14)
which has one free parameter using normalized magnitudes.
Fig. 5 shows the comparison between the experimental
spectra and the parameterizations of Eqs. (12), (13) and (14).
For the two last parameterizations, the free parameter has
been selected by fitting the curves to the highest Ep spectrum
(825 eV) from 0 to 50 eV, where the secondary component
is the dominant one. The highest available Ep spectrum has
been chosen trying to minimize the contribution of rediffused
electrons to the spectrum, for reasons exposed before. It can
be seen that the Chung-Everhart curve, although giving a
reasonable approximation, overestimates the secondary spec-
trum, a result already noted by Joy et al. [25]. The Furman-
Pivi curve provides a good approximation up to 4Emax, but
Fig. 5. Secondary emission spectra for primary energies between 40 and 825
eV. Three parameterizations are represented with the experimental data.
underestimates the spectrum for higher energies. The curve of
Scholtz et al. seems to be the best parameterization in all the
represented energy range (up to 10Emax), including the rising
edge, where the other curves behave clearly worse. The best-
fit value of the parameter τ in the range 0-50 eV is 0.86, in
the range of the values published by Scholtz et al.
B. Elastic component
The elastic fraction fe of the emission spectrum, defined
in Section I, can be obtained from the experimental spectra
by comparing the events contained in the elastic peak and the
total number of events. However, to be representative of the
total emission, the spectra have to be measured by an analyzer
with an acceptance solid angle close to the 2π stereoradians of
the half-sphere over the sample. Our analyzer, placed at 45o
to the sample normal, accepts a solid angle close to 0.16 sr,
and therefore the measured spectra are representative of a set
of directions around 45o. We will denote as fem the elastic
fractions obtained from the spectra measured at 45o, and fe
the elastic fractions of the whole emission. The same notation
will be used for the inelastic and secondary components. The
relation between fk and fkm, with k ={elastic, inelastic
and secondaries}, can be stablished through the probability
pk(∆Ω) that an electron leaving the surface after a process
k has an emission direction in the solid angle ∆Ω of the





If the pk(∆Ω) are known, eq. (15) can be unfolded to obtain fk
from fkm. These probabilities have been calculated by Monte
Carlo simulation using suitable angular emission distributions.
For the secondary and inelastic angular distributions we have
employed a cos θ law (Lambert’s law). For the angular distri-
bution of elastic electrons we have interpolated our measured
primary energies in experimental angular distributions [27]–
[29], corresponding to primary energies between 100 and 1000
keV. The two lower-energy spectra (40 and 56 eV) have not
been corrected due to the lack of reliable data.
The elastic fraction obtained directly from the spectra,
that is, uncorrected (fem), and the corrected elastic fraction
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Fig. 6. Elastic fraction for Pt. Dots: raw experimental data. Crosses: corrected
data (see text). Line: parameterization (16) extended up to 200 eV.
(fe) are shown in Fig. 6. The continuous line in this graph
represents the parameterization proposed by Schotlz et al. [13]
for primary energies Ep lower than 100 eV:
ln fe(%) = 1.59 + 3.75 lnEp − 1.37(lnEp)2 + 0.12(lnEp)3.
(16)
This parameterization has been represented up to 200 eV
(discontinuous line), 100 eV further than the range proposed
by Scholtz et al., to show the trend of fe. Although the trends
shown by the corrected data and the parameterization are
similar, the data lie clearly under the curve. This could be
due to deviations of the inelastic angular distribution from
Lambert’s law in the unfolding of eq. (15). Unfortunately,
a great lack of experimental information exists about the
inelastic angular distributions.
With the measured values of σ and fe we can obtain the
elastic contribution to the total yield using eq. (5). We now
pass to compare our ηe experimental data with two empirical
formulas.
De Lara et al. [30] proposed the following dependence of












where p0 is the probability of elastic reflection for very low
primary energies, which the authors take as 1. The other




E2(eV ) = 0.25Z
2.
Furman and Pivi [23] propose a parameterization with five
free parameters. However, for the two materials studied in
their paper (copper and stainless steel), one parameter is zero
and another one is around one. Therefore, for the shake of
simplicity, we can use a simplified parameterization with three
free parameters:
ηe(Ep) = p∞ + (p0 − p∞)e−
Ep
W . (18)
In table III we list the parameters given by Furman and Pivi
[23] for copper and stainless steel, along with the best fit
parameters of this model to our data. The data and the two
parameterizations mentioned here are represented against the
primary energy in Fig. 7.
TABLE III
BEST-FIT PARAMETERS OF EQ. (18) FOR THREE MATERIALS.
p0 p∞ W (eV)
Cu[23] 0.496 0.02 60.86
Steel[23] 0.5 0.07 100
Pt (this work) 0.468 0.0136 21.4
Fig. 7. Elastic component of the total SEY. Comparison between experimental
data and parametrizations (see text).
C. Backscattering coefficient
As mentioned in Section I, the elastic and inelastic backscat-
tering yields are usually joined in the backscattering coeffi-
cient (eq.(5)). We have measured η following the procedure
described in Section III. The results are shown in Fig. 8 along
with the measurements of El Gomati et al. [31] for Pt. The
graph includes also the parameterization of Dapor [32], valid
up to 6.7 keV and normal incidence:







where Z is the atomic number and
ε = 0.0811 + 0.0037Ep(keV ).
Although there are some discrepancies between our experi-
mental results and those of El Gomati, the trend is similar:
a monotonic increase with energy that slows down when ap-
proaching the keV region. This is consistent with the measured
data of Yadav and Shanker [33] for Pt (8-28 keV) at normal
incidence, suggesting an asymptotic value close to 0.5 at high
primary energies. The experimental results suggest that the
Dapor formula is not adequate for primary energies under 500
eV, at least for high atomic numbers. The constant additive
term in ε prevents η to decrease with decreasing Ep as fast as
the data indicate.
VI. CONCLUSIONS
The SEY and SES of clean Pt have been measured for
normal incidence and primary energies lower than 1 keV.
The measured magnitudes have been compared with theoret-
ical or semiempirical formulas. Although the SEY formulas
of Vaughan, Furman and Pivi, and Scholtz et al. provide
reasonable approximations in the analyzed energy range, the
7
Fig. 8. Backscattering coefficient for Pt: experimental results and Dapor
formula.
semiempirical universal law with n = 1.35 provides a better
description of the corrected SEY of Pt. The peak of the
secondary emission for Pt is close to 4.6 eV referred to
the vacuum level at the sample. The spectral shape is better
described by the empirical formula of Scholtz et al. than
by the theoretical formula of Chung and Everhart or by the
empirical formula of Furman and Pivi. Our measurements of
the elastic fraction for Pt are lower than, although not far
from, the results of the Scholtz et al. empirical formula in its
validity range (< 100 eV). The elastic yield measurements
are better described by the empirical formula of Furman and
Pivi than by the empirical formula of De Lara et al. The
backscattering coefficient data we have obtained for Pt show a
trend to increase and saturate with energy similar to those of El
Gomati et al. The semiempirical expression of Dapor predicts
the high energy value of the backscattering coefficient but it
does not describe the energy dependence in the low-energy
region.
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